Background: Diarrheal disease still remains a major public health threat and is often associated with fatal outcome especially in children with shigellosis mostly in developing countries. This study aimed to determine the presence of any associations between drinking shallow tube well (STW) water and childhood shigellosis. A total of 1394 children aged 0-59 months who presented with moderate-to-severe diarrhea (MSD) in Kumudini Women's Medical College and Hospital, Bangladesh, from December 2007 to March 2011 were enrolled into the study. Results: Among the study children, STW users often represented poor families (44% vs. 37%, p = 0.010); less often had household electricity (60% vs. 68%, p = 0.001) and cemented floor material (12% vs. 21%, p < 0.001); washed hand before eating (79% vs. 84%, p = 0.020); and had Shigella sonnei infections (7.8% vs. 13.1, p = 0.002) compared to deep tube well (DTW) water families (in bivariate analysis). After adjusting for covariates, a significant negative association was observed between childhood MSD episodes due to Shigella sonnei infections and the use of STW water (aOR 0.53, 95% CI 0.36, 0.79). Conclusions: An emergence of less severe Shigella sonnei has replaced relatively more severe Shigella flexneri among the MSD children from DTW-user families. However, more monitoring in terms of disease surveillance for changes in the distribution of Shigella serogroups and serotypes and its upsurges and antimicrobial susceptibility is essential.
report (2014), rural Bangladesh enjoys universal access to an improved source of drinking water (97%). A tube well is virtually the only source of drinking water (94%). Other infrequent sources of drinking water in rural Bangladesh are protected well (< 1%), rain water (< 1%), bottled water (< 1%), water piped into dwelling (< 1%), water piped to yard/plot (< 1%), and public tap/standpipe (< 1%) [5] . In the case of 74% of households, the drinking water source is located within the household premise, costs are affordable, and typically less than 45 m deep, it is known to be a shallow tube well (STW). In rural areas, because of distance and other contextual factors, more time is needed in collecting water for drinking purposes than urban Bangladesh. According to the BDHS (2014) report, one in five households spends less than 30 min on foot in two-way trips in collecting water for drinking purposes [5] . Other tube wells are found in agriculture fields, and available water is used for irrigation and household consumption by family members and called deep tube wells (DTW; ≥ 45 m deep). Studies have indicated that about 50% of the water samples collected from STW in Bangladesh was contaminated with human fecal organisms [6] [7] [8] . Due to their shallowness, STW water is prone to have contamination from leakage of neighborhood polluted water [6] . More generally, fecal contamination of shallow groundwater could possibly be one of the important reasons for the prevalence of diarrheal disease in Bangladesh [7, 8] . In many cases, immediate environmental conditions are unfavorable, e.g., the distance of tube wells from latrines or sewage-contaminated ponds or tanks may be insufficient to avoid the contamination of the well water with human-pathogenic bacteria. Tube wells have failed to protect against gastrointestinal diseases in Bangladesh, despite regular use of tube well water for drinking [9] . Recent studies in Bangladesh have demonstrated that up to 65% of tube wells can contain indicators of fecal contamination such as fecal/thermotolerant coliforms and Escherichia coli (E. coli); the level of contamination, however, is typically low [6] [7] [8] [10] [11] [12] [13] [14] . Fecal pathogens including rotavirus, adenovirus, Shigella, Vibrio cholerae, and enterotoxigenic E. coli have also been detected in tube well water [10] [11] [12] [13] . Among the microbiological contamination, Bangladesh has the highest rates of shigellosis reported by two recent multi-country studies [15] .
The species distribution of Shigella [Shigella flexneri (S. flexneri), Shigella boydii (S. boydii), Shigella dysenteriae (S. dysenteriae), and Shigella sonnei (S. sonnei)] varies globally. The first three are often prevalent in developing countries while S. sonnei (least virulent Shigella bacterium) is common in developed countries and usually causes a self-limiting febrile watery diarrhea [8, [16] [17] [18] . Shigella boydii causes disease of intermediate severity and is least common of the four. S. flexneri is less virulent than S. dysenteriae type 1 (the epidemic strain that causes severe life-threatening disease) but can also cause bloody diarrhea and abdominal cramps [17] [18] [19] , whereas S. flexneri cases have been observed to report to the facility with increased number of days of the illness at home, higher numbers of episodes of diarrhea, and longer duration of mucoid/bloody diarrhea as well as hospitalization than S. sonnei [20] .
Changing patterns in the distribution of Shigella serogroups and serotypes have been reported in Bangladesh [21] . In recent years, changes in Shigella serogroups, their geographical diversity, and emergence of S. sonnei have been reported in Bangladesh [21] . These changes have been indicated by researchers to be due to improved sanitary and hygienic practices, better living environment, improved nutritional status of children, and better access to safe drinking water. As shigellosis is a leading spectrum of diarrhea among the children presenting to the study sentinel health facility (SHC) in the present rural study community, this study aimed to determine any association between drinking STW water and childhood shigellosis [22] after adjusting for potential confounding impact of improved sanitary and hygienic practices, better living environment, improved nutritional status of children, and better access to safe drinking water. We hypothesized that because of the high proportion of households using STW water, there is an association between prevalence of childhood shigellosis particularly due to S. sonnei serogroup and STW water use in the Mirzapur community of rural Bangladesh.
Methods

Study site
For this secondary data analysis, relevant data were extracted from the database of the Global Enteric Multicenter Study (GEMS), Bangladesh site [22] . For this comparative study, all under-5 children from the STW water-using families comprised the study group and children from DTW-user households represented the comparison group [23] . The GEMS Bangladesh site was in a rural community of Bangladesh, located in Mirzapur sub-district of Tangail district, 60 km north of Dhaka, the capital city. The study had a backup of an ongoing demographic surveillance system (DSS). The sentinel health facility of the study was known as Kumudini Women's Medical College and Hospital (KWMCH) (750 beds) which was situated in the middle of the study DSS area. All study participants (under-5 children with moderate-to-severe diarrhea (MSD) from the DSS area) were enrolled in the study in a sentinel health facility [22] .
Study design and enrollment of study participants
The GEMS study during December 2007 to February 2011 followed a case-control cohort design. Under-5 children, residents of the DSS catchment area, presenting with MSD (fulfilling at least one of the following criteria: sunken eyes, loss of skin turgor, intravenous rehydration administered or prescribed, dysenteryvisible blood in loose stools, or admission to hospital with diarrhea or dysentery) within 7 days of onset of an acute illness (onset after ≥ 7 diarrhea-free days) constituted as GEMS cases. In this study, parents or primary caretakers of patients only with MSD underwent standardized interviews to solicit demographic, epidemiological, and clinical information at enrollment. Nutritional assessments (weight, length/height, and midupper arm circumference (MUAC)) were performed at the time of enrollment (before rehydration) and after rehydration, and z-scores were calculated and categorized as underweight (weight-for-age z-score < − 2), stunting (height-for-age z-score < − 2), and wasting (weight-for--height z-score < − 2) following the WHO guideline [2] .
Specimen collection and laboratory procedure
A single fresh stool (minimum of 3 g) was collected from each enrolled case child in the facility which within 1 h of passage was placed in a cold storage until delivery to the laboratory. Additionally, two rectal swabs for bacterial culture pending passage of the whole stool were obtained only when antibiotics were given to patients before stool was produced. All stool samples were shifted to the Clinical Microbiology Laboratory of International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b), Dhaka, as per standard guidelines. Bacterial pathogens [Salmonella, Shigella, Campylobacter, Aeromonas spp., Vibrio cholerae, and Escherichia coli (enterotoxigenic, enteropathogenic, and enteroaggregative)], viruses (rotavirus, norovirus, sapovirus, astrovirus, and adenovirus), and protozoa (Entamoeba histolytica, Giardia intestinalis, and Cryptosporidium spp.) were detected following standard laboratory methods [16] .
Data analysis
Statistical Package for Social Sciences (SPSS) Windows (Version 20, Chicago, IL) was used for data analysis, and Epi Info (Version 7.0) was used to calculate unadjusted odds ratios. Statistical analyses included descriptive as well as analytic methods. For the categorical variable of interest, the significance of differences was evaluated by chi-square (χ 2 ) test. Odds ratios (ORs) were calculated to assess the association between STW water use and the independent variables of interest. ORs also indicated the strength of association; in addition to ORs, their 95% confidence intervals (CIs) were also estimated. Principal component was categorized and performed to determine wealth quintiles (by using household assets), assuming that factor loadings for certain household assets may vary through the years. Variables that were studied are construction material of the wall, roof, and floor of the house and household assets like radio, television, cell phone, and table. The wealth index was used as a measure of socio-economic status (SES) using information on household possessions. A weight was attached to each item from the first principal component. The households were classified into SES quintiles based on the wealth index: quintile (poor, lower middle, middle, upper middle, and rich).
Before performing logistic regression model, we also checked multicollinearity between independent variables using variance inflation factor (VIF). In the final model, the VIF values of all independent variables were less than 2 and the mean VIF was 1.17. To estimate ORs of several variables (selected on the basis of either statistical significance or biological importance), we used a multiple logistic regression model using forward elimination and taking tube well water use status as a dependent variable (coded as 1 = shallow tube well water use and 0 = deep tube well water use) and primary caretaker education (illiterate, i.e., no formal schooling = 1, literate = 0); number of living room in the household (1-4 = 1, > 4 = 0); floor material (earth/soil/non-cemented = 1, cemented = 0); household electricity (no = 1, yes = 0); treatment of drinking water (no = 1, yes = 0); treatment method (1 = filter through cloth, 0 = use of water filter); container observed to be covered (no = 1, yes = 0); hand wash use material (water only = 1, water and soap = 0); hand washing before eating (no = 1, yes = 0); cooking (no = 1, yes = 0); nursing (no = 1, yes = 0); after defecation (no = 1, yes = 0); place of feces disposal (traditional pit toilet = 1, pour flush = 0); nutritional status (stunting = < − 2.00 = 1, no stunting = 0; underweight = < − 2.00 = 1, no underweight = 0; wasting < − 2.00 = 1, no wasting = 0); wealth quintile (poor = 1, rich = 0); age (12-59 months = 1, 0-11 months = 0); and sex (girl = 1, boy = 0) as independent variables. The P value cutoff of 0.1 (the significance level of variables for inclusion) was considered adequate to prevent residual confounding in the forward step-wise logistic regression model [23] [24] [25] . Statistical significance to remain in the final multivariable model was set at < 0.05.
Results
Of the overall 3859 children enrolled during the study period, 1394 had MSD (and their data were analyzed in this study) and 2465 had no diarrhea. Among the MSD children, 47.6% families (n = 663) were a user of STW, while 52.4% (n = 731) represented DTW water-user families (Fig. 1) .
Severity of diarrheal illness and dehydration status were found similar in STW-and DTW-user families ( Table 1) . The study classified all the children into three age groups: 550 children aged 0-11 months, 476 children aged 12-23 months, and 368 children aged 24-59 months. Age and nutritional status of study children were identical in two groups. Among the MSD children, 814 were boys and 580 were girls. We did not find any association between gender and tube well water use. STW users often represented poor families than DTW users. The number of sleeping rooms in the house, presence of household electricity, cemented floor material, and practice of washing hands before eating and nursing were observed significantly less often among the STW-using household members than their counterparts from DTW-user families (Table 2) . Shigella sonnei infection was detected less frequently in stool specimens of children from STW-user families than DTW-user family (7.8% vs. 13.1%; p = 0.002) ( Table 3) .
The association of S. sonnei infection in STW water user group was further ascertained by regression analysis controlling for other variables. And we observed that children with S. sonnei infection were negatively associated with STW water use (aOR 0.55, 95% CI 0.37, 0.80) ( Table 4 ). S. sonnei infection was also found positively associated with older children (age 12-59 months) (aOR 2.34, 95% CI 1.84, 2.97), not covering drinking water container (aOR 1.45, 95% CI 1.00, 2.10), and non-use of soap during hand washing (aOR 2.17, 95% CI 1.34, 3.49) ( Table 4 ).
Discussion
We hypothesized that because of higher proportion households using STW water, there would be an association between greater prevalence of childhood shigellosis particularly due to the S. sonnei serogroup among STW water-user families in the Mirzapur community of rural Bangladesh. However, our results refuted the hypothesis. We know that shigellosis is typically associated with poverty, poor hygiene, and crowded living conditions in developing countries, as well as an important contributor to childhood malnutrition. Shigellosis can occur even after ingestion of low inoculums (10-100 organisms) [26] . Usually, it is transmitted by fecal-oral route due to contamination of the hands, food, and water with infected feces. Incidence is higher in children 1-5 years of age, presumably as good personal hygiene is much more difficult to achieve in young children particularly who
have not yet acquired specific immunity [27] . In our study, we found poor hygiene practices especially covering of water container, use of hand washing substances, and children from poor families are highly vulnerable to childhood shigellosis. Alternatively, we did not find any significant association between S. flexneri, S. boydii, and S. dysenteriae infections and STW water use in children presenting with MSD episodes to the study sentinel health center. Moreover, we also did not find any noteworthy relationship between non-shigella species (Salmonella, Campylobacter, Aeromonas spp., V. cholerae, E.coli, rotavirus, astrovirus, adenovirus, norovirus, sapovirus, Giardia lamblia, Cryptosporidium, and E. histolytica) and STW water. Surprisingly, we observed a protective relationship between S. sonnei infections and STW water use for the first time in Bangladesh. Additionally, tube well water use impacted positively by demonstrating an emergence of less severe Shigella strain known to be as S. sonnei replacing a more severe Shigella strain called as S. flexneri among the MSD children from DTW-using families. Bangladesh has made adequate progress over recent years, and despite poverty, the economy is growing by about 6% each year. Such gross economic improvement has demonstrated concurrent positive behavioral changes like more access to safe drinking water. Shigella spp. are dynamic and able to survive under diverse environmental conditions [28] . Shigellosis due to S. sonnei has been previously reported to occur less often among people living in developing countries. In this study, we revealed isolation of S. sonnei more commonly from MSD children reporting from DTW water-user families than STW water users. Infections caused by S. sonnei have become more common than those due to S. flexneri in a population that are reasonably well-off and living with improved water and sanitation practices. Such emergence of S. sonnei has also been reported even in Bangladesh in recent years [29, 30] . The relation between upsurge of S. sonnei infections among the MSD children and economic development may be explained by the less exposure of individuals from developing countries including Bangladesh to Plesiomonas shigelloides (P. shigelloides) in recent years [15] .
P. shigelloides is a gram-negative bacterium often found in surface water that shares antigens with S. sonnei, and P. shigelloides has been a frequently isolated enteric pathogen from young diarrhea children aged less than 2 years old [31] [32] [33] . It is well recognized that exposure to P. shigelloides, through contaminated drinking water may immunize people to S. sonnei in the developing countries where people are often exposed to contaminated water drink [30] . With economic progress and accompanying water quality improvements (as a result, there is less exposure to P. shigelloides), susceptibility to Shigella sonnei in this population may have increased [28, 30] . The gross economic improvement in Bangladesh might have a positive impact with an increase in the use of DTW and bottled water, and the individuals in general have increasing access to improved piped water supply regularly in urban areas than in rural areas [21] . The changing trend as observed by the emergence of Shigella sonnei may be a reflection of this shifting phenomenon. However, such changes may require more monitoring in terms of disease surveillance for diversity in distribution of serogroups as well as serotypes, upsurges of cases of shigellosis, and antimicrobial susceptibility.
In this study, our strengths were the pre-set inclusion criteria for enrollment of children into the study which is undergoing fairly rapid economic development; identification of pathogens following standardized laboratory methods; and use of a large data set for this analysis. However, the study limitations were the lack of information like whether the areas of DTW were used to get often flooded, toilets of STW-using families were more hygienic, or garbage disposal areas were near the DTW than STW as well as water storing behavior of the family members of DTW users and so on. Moreover, our observations were based only on children with MSD and attending the KWMCH which might not represent the general population in a community including those with less severe disease and those who did not report to the sentinel health center.
Conclusions
Our findings suggest that the emergence of less severe Shigella sonnei has replaced relatively more severe Shigella flexneri among the moderate-to-severe diarrhea children from DTW-user families. These observations signify the impact of gross economic improvement in Bangladesh and concurrent behavioral changes-more access to safe drinking water which impacted positively by demonstrating the emergence of Shigella sonnei replacing the Shigella strain known as Shigella flexneri. Therefore, further interventions are needed in the domestic domain to reduce any spread of shigellosis by water treatment and hygiene practices. 
